Abstract. We present the first evaluation of the atmospheric xenon network to be installed as part of the International Monitoring System (IMS) in the frame of the Comprehensive Test Ban Treaty (CTBT). We show that this network should, by itself, provide a significant contribution to the total efficiency of the IMS. For this evaluation, we introduce an inverse approach based upon the time symmetry of the atmospheric transport of trace species. This approach may find applications in a variety of environmental problems.
Introduction
The Comprehensive Test Ban Treaty (C.T.B.T., Sullivan, 1998 , Garwin, 1997 , De Geer, 1997 verification will rely on an International Monitoring System (IMS) which should detect nuclear tests down to 1 kiloton (kt) TNT equivalent anywhere on the planet. The IMS is based upon four global networks. Seismic (Richards et Won-Young, 1997 , Barker et al., 1998 , hydroacoustic and infrasound waves will help check for underground, under-water and atmospheric nuclear tests. The fourth network will monitor atmospheric radionuclides. 80 stations will measure aerosols, released for atmospheric tests only, and a subset of 40 will additionally detect xenon isotopes. Insoluble in water, xenon is released in the atmosphere after under-water tests as well. It also exhales from underground tests through induced or natural faults (De Geer, 1996 , Carrigan, 1996 . With a half-life τ = 5.2 days, 133 Xe is the dominant isotope at long distance. Estimation of the amount q of 133 Xe effectively released after a 1 kt sub-surface test is a delicate matter. The CTBT Preparatory Commission agreed on the following scenario : q =10
15 Bq for evasive atmospheric/underwater and q =10
14 Bq for underground tests. In May 1998, the same commission decided which 40 out of the 80 radionuclide stations should be proposed to the Conference of States Parties for being equipped with noble gas detection capability. Specification for detection threshold is 1 mBq m −3 with air sampled over one day. Based upon those specifications, we present an evaluation of 133 Xe monitoring efficiency for sub-surface test Forecast with a time constant of 2.5 hours (nudging). Large scale winds, turbulent mixing coefficients and sub-grid scale convective mass fluxes are averaged in time and archived with a 6-hour sampling period. Meteorological archives were built for July 1990 and January 1991, in order to investigate seasonal effects. Secondly, the transport model is used "offline" by reading these archives. The horizontal resolution is then twice as fine (1.9 o by 1.25 o ). Monitoring efficiency depends on test location and meteorological conditions. In order to reduce computation of relevant statistics to a practicable dimension, we use reverse transport computations: the radioactive tracer is transported back from the detector (one of the CTBT stations) and measured at the source (location of nuclear test), thus replacing all possible sources by 40 fictitious ones. This approach can be seen as a generalization of the classical back-tracking of air masses (Hess et al., 1996 , Ramonet et al., 1996 . Here, parameterizations of turbulent mixing and convective transport are inverted as well.
Reciprocity of atmospheric transport
Let us idealize a nuclear test as the instantaneous release at time tS in a volume S (in practice a grid-mesh of our numerical model) of an amount q of radionuclide. Detection will occur if the mean concentration in the detection mesh D (containing the CTBT station) at detection time tD is above the threshold value. In fact, for a given meteorological sequence, this concentration is obtained as well in S at tS by injecting q in D at tD and reversing time in the transport computation. This reciprocity is illustrated in Fig. 1a in the case of pure advection.
Mathematically,c(D, tD) =c * (S, tS) where "¯" stands for volume average and where the direct and reverse tracern concentrations obey the following equations :
and
V is the wind field (the same meteorological archive is read backward in the reverse computation), λ = ln2/τ , and the source function σ(S, tS) is a dirac in time at tS inside volume S divided by the mass of air inside the volume and 0 outside. The identityc(D, tD) =c * (S, tS) arises from the fact that d dt Ω ρcc * dω = 0 for time t between tS and tD, strictly (ρ is the air density). This result is obtained from Eqs 1, 2 and atmospheric mass conservation after integration by part (tracer fluxes are assumed to be zero on the boundaries of the atmospheric domain Ω). From the same simple algebra, it can be shown also that Eq. 2 is the adjoint of Eq. 1 for scalar product (φ, ψ) → Ω×R ρφψdωdt where R is the time domain. So reverse and adjoint transport computations (see Pudykiewicz, 1998 , for a use of adjoint computation in the CTBT context) are mathematically equivalent although the underlying views are generally associated with different inversion algorithms.
Applications of the reciprocity of atmospheric transport are generally restricted to back tracking of individual (Lagrangian) air particles accounting for large scale transport only (Hess et al., 1996) . In fact, Eulerian formulation can be kept for reverse computations. Moreover, reciprocity does extend to parameterizations of turbulent sub-grid scale advection. In practice, formal transformation of parameterizations must be performed carefully. In classical planetary boundary layer schemes, the turbulent mixing is accounted for with a diffusive operator ] on the right hand side of Eq. 1 (the schemes generally differ in the formulation for K which can be rather sophisticated). The underlying view consisting in mixing by small scale turbulent and symmetrical upward and downward motions implies an equivalent mixing in the reverse world (see illustration in Fig. 1b) which must be accounted for by the same self-adjoint operator for deep convection parameterizations where concentrated updrafts can be balanced by much slower sinking in the environment, signs of the convective fluxes must be changed : in the reverse computation, the tracer goes up slowly in the environment and comes back to the surface much faster in the center of the convective tower.
As in the direct world, reverse large scale transport (Fig. 1a) or turbulent mixing (Fig. 1b) both broaden source areas. Indeed molecules which have gathered in D at tD come from a region the size of which increases with elapsed time. Radioactive decay in the direct world corresponds to an equivalent decay in the past. Finally, one-day sampling at the detector is accounted for in the reverse world by emitting the tracer uniformly over one day.
Results and discussion
For a station D and for given dates tS and tD, one single reverse model integration provides the station visibility defined as the area from which a 1 kt test at tS would be detected in D at tD (concentration above the 1 mBq m −3 threshold, illustration in Fig. 2) . In order to evaluate a network efficiency, Prinn (1988) defined an "effectively sampled region" based upon perturbation of a steady state advectivediffusive equation accounting for the typical wind intensity and diffusion coefficient at the station. Although based on similar concepts, our visibility area is a binary determination of the monitored area for a specific meteorological sequence.
For a given date tS of the nuclear event, we further define the global network visibility after N days as the gathering of the visibility of all stations for all measurements happening within N days after the event. An example of global visibility map is given in Fig. 3 . Detections typically occur several days after the test. The gain after 10 days is very weak. Finally, binary visibility maps for succesive test dates tS are averaged into detection probability maps. Probability maps after 14 days for July and January are shown in Fig. 4 .
Monitoring of atmospheric radioactivity by itself offers a good coverage of mid-latitudes due to efficient mixing by transient eddies, especially in southern hemisphere where 5 stations only offer more than 90% detection probability in the 30-60 S latitude band. In the 30-60 N latitude band, the seasonal cycle of transient activity is stronger: the number of stations detecting an oceanic test goes from 3-6 during winter (maximum activity) to 2-4 in summer. At this season, significant gaps appear on continents due to the weaker source term. In the intertropical zone, winds are more regular. The area monitored by an individual station often reduces to a narrow strip up-stream. Tracers are also efficiently removed from the lower troposphere by convection and ascending motions in the Inter Tropical Convergence Zone, especially on continents during summer. The weak network redundancy emphasizes the difficulty of choosing 40 stations in such a way that the network performs its duty everywhere.
Detection probability maps can not be directly validated against observations. However, the same model with same meteorological archives led to reasonably good agreements with observations for 222 radon, comparable to those obtained by Mahowald, et al. (1997) . Computations with different model resolutions and for different years do not alter the above conclusions, neither the good global coverage nor the location of gaps. Besides network evaluation, the approach and tools presented here can help localize sources as will be shown in a forthcoming publication.
